Abstract-By means of geometrical optics we present an approximation algorithm with which to accelerate the computation of scattering intensity distribution within a forward angular range (0
Gradient-index (GRIN) particles have found many applications in modern industries. For instance [1] , shell and the continuous refractive index models are used for the crystalline lens; a waveguide model is considered for human phot-Oreceptors; the atmosphere of the earth has a refractive index that decrease with height because the density decreases at higher altitudes, and the GRIN models are used for the optical fiber widely. To probe them optically, one needs to calculate the theoretical scattering intensities of particles of different sizes.
Studies [2] of approximation methods of the scattering light pattern for the homogeneous or coated particles have been carried out by several researchers. By means of a geometrical-optics approximation (GOA), Glantschnig and Chen derived a formula with which to calculate scattering intensity in the forward angular range for water droplets. A. Belafhal et al. [3] studied light scattering by absorbing and nonabsorbing spheroidal particles in the Wentzel-Kramers-Brillouin approximation and developed a new mathematical description of light scattering. Min et al. [4] calculated the optical cross sections of size shape distributions of spheroids, and Grynko and Shkuratov [5] studied the scattering characteristics of semitransparent particles faceted with various shapes. Xu and Cai [6] combined FD theory with geometrical optics and proposed the whole geometrical approximation method to accelerate the computation of the light's intensity for homogeneous absorbent particles and coated particles. However, geometrical-optics approximation of forward scattering by GRIN particles is never be researched. In this paper a more general method of GOA is developed that can be applied in the calculation of GRIN particles.
GEOMETRICAL-OPTICS APPROXIMATION OF GRIN PARTICLES
From a geometrical-optics viewpoint, scattered light is considered to be the superposition of diffracted, refracted, and reflected fractions. That is,
Xu [7] considered that 95 percent of the scattering energy is produced by reflection and first refraction, therefore other emerging rays can be neglected. As indicated by Fig. 1 , m 0 , m 1 are the refractive indices of the center and surface. In this paper the refractive index of the environment m s equals 1.0.
In 1637 Descartes [8] described geometrically the relationship between incident and scattering angles for a uniform sphere:
where τ represents the complement of the impact angle, τ is the complement of the internal refracted angle, and N is the number of light-sphere interactions (see Fig. 1 ). If the refractive index of the sphere is not uniform, the Descartes law (Eq. (1)) is no longer applicable. For a sphere with spherically symmetric refractive index m( r) immersed in a uniform medium, the relationship between incident and scattering angles for a spherically symmetric particle can not be described by the Descartes law (Eq. (2)). the differential equation for the light rays can be written in a nondimensional form [9] :
Where e = m s cos(τ ) is a constant, χ 0 equals zero under ordinary conditions, r is a position of one point of a light ray, and r = r/R is the nondimensional sphere radius. In 2005 Maria Rosaria Vetrano found geometrically the relationship between incident and scattering angles for a spherically symmetric particle:
For a spherically symmetric particle with radius R, the dimensionless parameter is set: α = 2πR/λ, where λ is the wavelength of incident light, and rc represents the minimal distance of approach of the light ray from the center of the sphere. Combined with the relationship (Eq. (4)), the phase shift and the scattering intensity of a spherically symmetric particle can be derived.
The dimensionless scattering intensity is defined by [10] 
Where k 1,2 is introduced to characterize the fraction of the incident intensity contained in emerging rays
D is usually called divergence or gain, denoting the influence of particle shape on angular intensity distribution. It can be expressed as
Where ε 1,2 are Fresnel reflection coefficients, defined as
Phase shifts [10] ψ 1,2 , which are due to reflection and correspond to perpendicular and parallel polarized components, are expressed by the Fresnel reflection coefficients. Xu and Cai [6] used a one-dimensional piecewise cubic spline interpolation to get the amplitudes and phases of the rays. However, this method may engender deviation. In this paper, the same scattering angles should be applied to calculate the amplitudes and phases of the rays. Hence, the incident angle of the reflected light should be derived from the scattering angle. Following Van de Hulst's discussion of the phase change that is due to optical length and focal lines, the combined phases σ reflection1,2 and σ refraction1,2 in the foregoing cases can finally be obtained:
Where L is the optical path length of light and τ reflection = θ/2 is the incident angle of the reflected light.
With the scattering angles and the combined phases, amplitude functions for the two polarizations can be written as [10] : s 1,2 = i 1,2 exp(Iσ 1,2 ) (10) The final amplitude functions can be finally obtained [6] :
Where s diffraction = α 2 J 1 (α sin θ)/(α sin θ) and J 1 is the first-order Bessel function.
Assuming that the particle is illuminated by an unpolarized monochromatic beam with wavelength λ and incident intensity I 0 , the scattering intensity I(θ) at the distance f can finally be obtained by
In this paper the index λ 2 I 0 /(8π 2 f 2 ) is defined as 1and the wavelength of light λ equals 1.0.
COMPARISON OF THE GEOMETRICAL-OPTICS APPROXIMATION WITH MIE THEORY
Refractive index is defined as m( r)
. χ(r) can be denoted as analytical solution by use this refractive index. Five types of transparent particles were calculated by the GOA method. The results were compared with those obtained by use of the MIE theory (Fig. 2) . Besides, for the difference ∆m = |m 0 − m 1 | > 1, a portion of N = 2 rays is beyond 60 • ∼ 180 • and a portion of N = 3 rays is beyond 40 • ∼ 60 • (Fig. 2(f) ). The intensities calculated by the GOA on this condition may have remarkable approximation errors( Fig. 2(e) ).
With the radius that varied from 15 µm ∼ 1000 µm, the refractive indices of the center and the surface were 1.33 and 1.30, respectively, numerical calculations were performed on an Intel Pentium 3.0 GHz PC with 1.0 G RAM to test the calculation efficiency of the two methods. As illustrated in Fig. 3 , the calculation time of the rigorous MIE theory increased rapidly with increasing radius. With case B, the calculation time of the GOA theory varied from 2.4 ms to 120 ms. 
CONCLUSIONS
In this paper we have treated light scattering as the superposition of diffraction, reflection, and refraction. An approximation algorithm -the GOA method -was developed to calculate the scattering light pattern within the forward direction (0 • -60 • ) for non homogeneous particles. With the typical continuous refractive index model, the calculation time of the GOA theory are compared with MIE theory and CPU time is greatly decreased. But it fails to describe light scattering at the scattering angles from which the refractive rays are absent . Neither can it work well at large scattering angles form which a portion of N = 3 rays is beyond 30 • ∼ 60 • .
